Recent studies have shown effects of host plant genetics on community and ecosystem processes, which makes understanding the impacts of genetically based traits on hidden or non-apparent organisms more important. Here we examined links among genetic variation in hybrid cottonwoods, plant phytochemistry, and twig fungal endophytes (i.e., a common hidden organism). We found three major patterns: (1) twig fungal endophyte infection was positively related to the introgression of Fremont cottonwood (Populus fremontii S. Wats.) RFLP genetic markers, (2) condensed tannin concentration in twig bark tissue was negatively correlated to the introgression of Fremont genetic markers, and (3) fungal endophyte infection was negatively related to condensed tannin concentration in twig bark. These data demonstrate that plant genotype can impact hidden ecological players (i.e., fungal endophytes) resulting in community and ecosystem consequences.
Introduction
The roles of hidden players (i.e., species or organisms, such as fungal endophytes, whose direct observation is problematic) in communities and ecosystems are only beginning to be understood (Clay and Holah 1999; Arnold et al. 2003) . Understanding the factors that affect these hidden players and the roles they play in community assembly and ecosystem processes is a major frontier in ecology (Thompson et al. 2001) . To address the potential genetic basis of a plantendophyte interaction, in the present study, we utilized a well-studied cottonwood system in which the introgression of genes from Fremont cottonwood (Populus fremontii S. Wats.) into narrowleaf cottonwood (Populus angustifolia James) results in a very predictable change in the concentration of condensed tannins , which are known to inhibit many fungi (Gallardo and Merino 1992; Grime et al. 1996; Heal et al. 1997; Driebe and Whitham 2000; Schweitzer et al. 2004 ). Thus, we sought to understand how genetic-based variation in a major plant defense might affect the interactions between a dominant tree and a hidden player.
Fungal endophytes inhabit the aerial parts of plants without producing symptoms of disease and are present across the taxonomic range of vascular plants. The effects of symbiotic endophytic fungi represent a continuum from parasitic to neutral to mutualistic interactions (Saikkonen et al. 1998) . They have been shown to deter herbivory (Clay 1996; Clay and Schardl 2002) , increase drought tolerance (Elmi and West 1995) , improve nutrient uptake (Malinowski et al. 2000) , and alter ecosystem processes (Rudgers et al. 2004) . Of central importance in the regulation of endophyte activity is host phytochemistry. The manipulation of the endosymbiont's chemical environment by the plant is an important mechanism for controlling the degree of endophyte activity within the host (Espinosa-Garcia et al. 1996 ) and the quality of the symbiosis (Schulz et al. 1999) .
In contrast to the paradigm that the effects of genes or specific genetically based plant traits become more diffuse across higher levels of organization (i.e., population, community, and ecosystems), recent studies have shown that specific plant traits can have pronounced direct and indirect effects that extend beyond the individual or population to affect the dependent community and ecosystem processes (Madritch and Hunter 2002) , that is, have extended phenotypes (Whitham et al. 2003; Bailey et al. 2004; ). For example, in a cottonwood hybridizing complex (P. angustifolia × P. fremontii), condensed tannins are under strong genetic control, affect the foraging of beavers , and explain approximately 60% of the variation in net N-mineralization rates, an ecosystem-level process ). In other studies, genes of large effect influence traits such as plant architecture (Bradshaw and Stettler 1995) , phenology (Frewen et al. 2000) , and the number of queen ants tolerated by workers (Krieger and Ross 2000) ; they also determine whether a fungus is a pathogen or a mutualist (Freeman and Rodriguez 1993) . These traits are especially important when they impact dominant or keystone species because, as community and ecosystem drivers, the extended phenotypes of genes of large effect are likely to be pronounced .
Using observational and experimental approaches, we examined how symbiotic fungal endophyte infection was related to the genetic variation among pure and hybrid cottonwoods. Specifically we addressed three main questions: (1) does fungal endophyte infection differ among pure species and their hybrids? (2) Is fungal endophyte infection related to host plant phytochemistry? (3) Is fungal endophyte infection related to introgression of Fremont cottonwood alleles related to fungal endophyte infection?
Materials and methods

Observational and experimental surveys
Cottonwoods are the dominant species of western riparian forests (Rood and Mahoney 1990) . Along the Weber River, Utah, the ranges of Fremont cottonwood (P. fremontii) and narrowleaf cottonwood (P. angustifolia) overlap in a 13-km zone where the two species readily hybridize and introgress unidirectionally (Keim et al. 1989; Martinsen et al. 2001 ). In the field, F 1 hybrids cross only with narrowleaf cottonwoods to form backcross hybrids. Because of this unidirectional genetic introgression, hybridization represents a genetic continuum between Fremont and narrowleaf cottonwoods.
Preliminary studies in this system indicated that endophytic fungi are more abundant and diverse in bark tissue than in leaf tissue. We quantified fungal endophyte infection of 35 cottonwood trees from the field at three sites in the hybrid zone in November 2002. We randomly selected 15 Fremont, 5 F 1 , and 15 backcross/narrowleaf trees from these sites. F 1 hybrids are rare in the hybrid zone and therefore we collected fewer of these tree types. From these randomly selected field trees, we collected twigs to assay for fungal endophyte infection. Because fungal infection level increases linearly with age (Bernstein and Carroll 1977; Stone 1987 ), we collected a single 7-to 10-cm twig sample from each tree from a terminal branch standardized by height of branch insertion on the main trunk.
To experimentally test the potential genetic components of our observational patterns, and remove the effects of environmental variation, we collected twig samples from a 12-year-old common garden with randomly distributed genotypes established in Ogden, Utah. We collected 2-year-old twig samples from 20 genotypes within the common garden (i.e., 5 from each species and tree type: Fremont, F1 hybrid, backcross, and narrowleaf) in which the genetic composition of the trees had been determined using RFLP molecular techniques with 35 species-specific alleles (Martinsen et al. 2001) . The introgression of species-specific Fremont alleles (owing to unidirectional introgression) allows us to determine plant genotype and level of introgression. The twig samples were collected using the same methods as were used in the observational studies.
The twig samples from field and common garden trees were assayed for fungal endophyte infection. Collected samples were stored in cool conditions until they were returned to the lab where they were processed within 24 h. From the 7-to 10-cm twig sample, three 1-cm-long subsamples were taken from below the 3-year old terminal bud scar, that is, from 2-year-old growth. This ensured that all samples had equal temporal exposure to endophyte inoculum. To prevent contamination, isolations were performed aseptically in a laminar flow hood, where twigs were surface-sterilized by a 5-min immersion in 70% ethanol with vigorous agitation for 1 min., and a 5-min immersion in 50% commercial bleach, followed by several rinses in sterile distilled water. After sterilization, twigs were incubated in sterile Petri plates on potato dextrose agar (Difco). Plates were examined every second day under a dissecting microscope (Deckert et al. 2001) . This made it possible to confirm endophytic hyphal growth as it emerged and distinguish it from the hyphae of contaminating fungi. Endophytic growth was characterized as present or absent after 1 month of incubation at room temperature. Because we were interested in the general response of fungal endophytes to host plant genetics and phytochemistry, fungal endophytes were not identified to species or morphotype. The fungi that emerged followed the normally observed pattern of endophyte assemblages: domination by a few abundant morphospecies with numerous isolations of many rare morphospecies. The dominant morphospecies were sterile and therefore difficult to identify by traditional methods. Identification of the isolates was not deemed crucial to fulfill the objectives of this study because (1) our interest was in the generalized effect of cottonwood hybridization on fungal endophytes, (2) fungal assemblages were potentially different at each site, and (3) common garden sampling controlled for assemblage differences.
Chemical analysis
To determine a potential mechanism for differences in fungal infection, we quantified concentrations of the princi-pal secondary metabolites (phenolic glycosides and condensed tannin ; Zucker 1982; Palo 1984; Lindroth and Hwang 1996) in the same samples that were assayed for fungal endophytes in the common garden. Twigs were collected on dry ice, lyophilized, and ground in a Wiley Mill until fine enough to pass through a 40-mesh screen. The phenolic glycosides salicortin and HCH-salicortin were quantified using high performance thin layer chromatography (Lindroth et al. 1993) , using purified salicortin and HCH-salicortin as standards. Condensed tannin levels were measured on 70% acetone extracts of the twig samples using the butanol-HCl method of Porter et al. (1986) . Narrowleaf cottonwood condensed tannins purified by the method of Hagerman and Butler (1980) were used as the reference standard.
Statistics
For the observational field data, we used a χ 2 test to compare the frequency of fungal endophyte infection among genotypes. Backcross hybrids and narrowleaf cottonwoods are indistinguishable in the field and therefore were pooled for analysis. Logistic regression was used for analysis of relationships among continuous and categorical variables, such as introgression or phytochemistry, against probability of infection. Simple linear regressions were used for analysis of relationships between introgression and phytochemistry data. All data used in the statistical analysis were transformed such that there was no significant lack of fit, no autocorrelation among residuals (Durbin-Watson test), and no inequality of variances based on the distribution of residuals. The figures show actual non-transformed data.
Results
Observations in the wild
Our observations within the Weber River hybrid zone showed that Fremont cottonwoods had significantly greater fungal infection than F 1 and backcross/narrowleaf cottonwoods based on an equal expectation among tree types. In the field, symbiotic fungal endophytes infected 43% more Fremont cottonwoods than expected. In contrast, F 1 hybrids and backcross/narrowleaf cottonwoods had 95% and 74% lower infection than expected ( Fig. 1 ; n = 35 trees, df = 2, χ 2 = 5.7, p < 0.05). Rather than any single species of fungal endophyte being affected, these observational data suggested that plant traits related to cottonwood hybridization might have a generalized effect on fungal endophytes. These observational data suggest that genetic factors related to plant hybridization are in part responsible for these patterns. To experimentally test our findings in the wild, we repeated our studies in a common garden where we could largely eliminate environmental effects to study the potential genetic impacts of plant hybridization on endophytes.
Common garden studies
In the common garden we confirmed our observations in the wild that Fremont cottonwoods had the greatest endophyte infection. With the RFLP data we were able to trace the introgression of Fremont cottonwood molecular markers where we found a significant positive correlation with fungal endophyte infection ( Fig. 2A ; n = 20 genotypes (5 from each crosstype), df = 1, r 2 = 0.54, χ 2 = 12.22, β = 6.30, ρ < 0.05).
Very few narrowleaf cottonwoods were infected, whereas 80% of Fremont cottonwoods were infected. We found that fungal endophyte infection was negatively correlated with the concentration of condensed tannins ( Fig. 2B ; df = 1, r 2 = 0.54, χ 2 = 6.91, β = -4.4, ρ < 0.05). Fungal endophyte infection showed no significant relationship to salicortin, HCH-salicortin, or total phenolic glycosides (salicortin + HCH-salicortin) (χ 2 = 0.23, p = 0.63; χ 2 = 0.0, p = 1.0, χ 2 = 0.23; p < 0.63, respectively). Because this study was conducted in the common garden where all pure and hybrid cross types are present, and because the age of the tissue sampled was controlled, we were able to specifically address the links among plant genotype, secondary chemistry, and a generalized response of fungal endophytes. Overall, our results showed that fungal endophyte infection is related to condensed tannin concentration in the bark tissue of cottonwoods.
As fungal endophyte infection was negatively related to the concentration of condensed tannins in the bark and positively related to the proportion of Fremont markers, we predicted that tannin concentrations of individual genotypes would be negatively correlated with the proportion of Fremont markers contained in those trees. Using the same genotypes from the common garden, we regressed the concentration of condensed tannins against the proportion of Fremont markers and found a significant relationship ( Fig. 3 ; df = 1,19, r 2 = 0.78, F = 61.58, p < 0.05), demonstrating that hybridization and introgression affect ecologically functional traits and interactions between species.
Discussion
Overall, these data linked host plant genetics, condensed tannins, and symbiotic fungal endophyte infection. While our studies did not focus on any single fungal endophyte species, our studies quantified the general relationship between host plant genetics, phytochemistry, and fungal Fig. 1 . Fungal endophytes infect pure and hybrid cottonwoods differently. In the wild, endophyte infection is greater than expected on Fremont cottonwoods and less than expected on narrowleaf cottonwoods and their naturally occurring hybrids. Two-year-old cottonwood twig samples were collected at three sites along a 13-km reach of the Weber River. Overall, Fremont cottonwoods had 43% greater infection than expected, while F1's and backcross narrowleaf cottonwoods had 95% and 74% less infection than expected, respectively. These observational data suggest a genetic basis to fungal endophyte infection. endophyte infection. Our findings showed that genetic variation in a dominant plant can have a general effect on fungal endophytes. For example, as introgression of Fremont alleles decreased through unidirectional backcrossing, the probability of infection declined. These data demonstrated that hybridization is an important mechanism for the transmission of genetically based and ecologically functional traits that influence the presence of other organisms, including nonapparent groups such as endophytes. Introgression of Fremont cottonwood markers was strongly and negatively related to the concentration of condensed tannins and positively related to endophytes, indicating that these compounds may be a chemical mechanism that inhibits fungal colonization in cottonwoods. Because linkage disequilibrium among genes from the two hybridizing species is likely to be strong, one could argue that the percentage of condensed tannins in the bark will be correlated with all the other traits by which the parent species differ, thus endophyte infection cannot be ascribed to any one of these traits. Interestingly, nitrogen, salicortin, HCH-salicortin, and condensed tannins all differ among the parent species and their hybrids ) and only condensed tannins were related to the probability of fungal endophyte infection, suggesting that tannins were a mechanistic link.
In combination with other studies documenting the effects of condensed tannins on beaver herbivory , fine root production (Fischer et al. unpublished data) , and the availability of soil nutrients , this study demonstrates the general importance of condensed tannins. Plant polyphenols, such as condensed tannins, are a class of secondary compounds that are involved in plant pigmentation, ultraviolet protection, and allelopathy, as well as a deterrent to herbivores and pathogens (Zucker 1982; Palo 1984; Hemingway and Karchesy 1989; Ossipov et al. 2001) . They have been shown to retard leaf litter decomposition by reducing palatability to arthropods and microbes and by forming protein-binding complexes (Gallardo and Merino 1992; Grime et al. 1996; Heal et al. 1997; Driebe and Whitham 2000; Schweitzer et al. 2004) . These processes and their reputed ability to inhibit net nitrification have led researchers to believe that they can regulate plant available nutrient pools (Rice and Pancholy 1973; Basaraba and Starkey 1966; Northup et al. 1998; Hättenschwiler and Vitousek 2000; Kraus et al. 2003) . The multiple functions of condensed tannins indicate that their production may be adaptive under many circumstances (Kraus et al. 2003) .
We are aware of only three studies that specifically examined the role of condensed tannins on microorganisms, none of which examined endophytes specifically. In reviews of the anti-microbial properties of condensed tannins, both Scalbert (1991) and Field and Lettinga (1992) found that multiple genera of microorganisms, including fungi, yeasts, and bacteria, were susceptible to the toxicity of condensed tannins, some of which were completely inhibited by their presence. More recently, Bending and Read (1996) found that while ericoid fungi are able to degrade polyphenols, ectomycorrhizal fungi are largely inhibited by tannins as a result of the inactivation of cell wall enzymes. The negative association between bark chemistry and fungal endophytes that we observed reveals another group of microorganisms that are inhibited or influenced by the concentration of condensed tannins.
Although there is much that we do not understand about fungal endophytes and their interactions with plant genetics (Saikkonen et al. 1998; Arnold et al. 2003) , we believe this study provides an example of the potential impacts of genetic introgression on clandestine organisms (i.e., hidden players; Thompson et al. 2002) such as fungal endophytes. Depending upon the relative importance of these hidden players, we expect these effects could be magnified throughout the community and ecosystem. For example, plant resistance traits to the gall aphid, Pemphigus betae, do not just affect this specific aphid, they affect a much larger community of organisms, ranging from microbes to vertebrates. Because galling aphids provide food and shelter for many other organisms, their presence or absence has a ripple effect on the community (Dickson and Whitham 1996) . Genetically modified organisms could have similar unexpected effects. For example, Howard et al. (2004) showed that male medaka fish, genetically modified with salmon growth hormone, possess "overwhelming mating advantage" relative to male medaka fish without this "Trojan" gene, which could lead to the population extinction of unmodified medaka fish. Clearly, there can be large consequences for genetically modified species even if it is only a single trait, such as growth hormone or plant chemistry, that is being modified.
